Contrast agents are commonly used in combination with magnetic resonance imaging (MRI) to monitor the distribution of molecules in the brain. Recent experiments conducted in our laboratory have shown that co-infusion of recombinant Adeno-associated virus serotype 5 (rAAV5) and the MRI contrast agent gadoteridol (Gd) enhances vector transduction in the rat striatum. The goal of this study was to determine whether gadoteridol may also be used as a tool to enhance transduction efficiency of rAAV1 and rAAV5 within the rat hippocampus. We show that Gd/rAAV1-GFP but not Gd/rAAV5-GFP co-infusion results in significantly higher distribution of the transgene both in the injected hemisphere as well as in the contralateral side and adjacent areas of cortex along the injection track. We also show that Gd/rAAV1-GFP co-infusion has no deleterious effect on hippocampal function as assessed by two tests of spatial memory formation. This work indicates that Gd can be exploited as a method to increase transduction efficiency of AAV1 in the hippocampus for animal studies.
INTRODUCTION
Adeno-associated virus (AAV) has proven to be successful for gene therapy in a number of animal models of disease and is currently being used in human clinical trials for various conditions such as Leber congenital amaurosis, hemophilia, muscular dystrophy, Parkinson's disease and Alzheimer's disease. 1 Recombinant Adeno-associated virus (rAAV2) has been used in all the human gene therapy trials for neurological disorders, yet its distribution in the brain is discrete. [2] [3] [4] The development of methods to increase vector titer and the characterization of novel serotypes has helped to significantly increase transduction efficiency of rAAV in various tissues. [5] [6] [7] A number of agents have been used to increase the transduction efficiency of several serotypes, including heparin and mannitol, or combinations of systemic mannitol and convectionenhanced delivery. [8] [9] [10] Magnetic resonance imaging (MRI) contrast agents such as gadoteridol (Gd) have been used to track the distribution of therapeutic drugs in real time, allowing visualization of the volume of spread across various structures. Studies have shown that agents like Gd may be used to monitor the distribution of rAAV2 in primate models of gene therapy. 11 However, other studies have shown that Gd-monitored delivery of rAAV1 more accurately predicts distribution of this viral vector than monitored co-injection with rAAV2. 12 These disparities may arise because distinct AAV serotypes interact differently with contrast agents (Osting et al., submitted).
We have previously shown that Gd significantly increases the transduction efficiency of rAAV5 coding for green fluorescent protein (rAAV5-GFP) in the rat striatum (Osting et al., submitted).
Here we wanted to determine whether rAAV1-GFP and rAAV5-GFP transduction efficiency in the hippocampus could also be enhanced by co-infusion with Gd. Studies have shown that infusion with Gd can have particularly adverse effects in patients with pre-existing kidney disease. 13 On the other hand, Gd has been used in animal models and human studies without signs of toxicity. 14 To discount any toxic effects of gadolinium infusion in the hippocampus, we looked at any putative cytotoxic effects of Gd/rAAV co-infusion on performance on the Morris water maze (MWM) and object location memory (OLM) tasks. Here we show that rAAV1 but not rAAV5 transduction efficiency is significantly increased by co-infusion with Gd and that Gd has no deleterious effects on behavior.
RESULTS
Gd enhances rAAV1-GFP but not rAAV5-GFP distribution in the rat hippocampus Rats were injected unilaterally with either rAAV1-GFP or rAAV5-GFP that was co-infused with Gd or Lactated Ringer's solution as a control. Quantification of GFP-positive immunostaining was analyzed using densitometry analysis of each hippocampal hemisphere. Co-infusion of rAAV1-GFP with Gd (Gd/rAAV1) significantly increased the distribution of GFP in the hippocampus relative to hemispheres co-injected with Lactated Ringer's solution (Ringers/rAAV1; Figures 1a and b ). High-magnification images show a more intense GFP immunoreactivity in the cell bodies in the pyramidal layer than in the axonal and dendritic projections, whereas Gd/AAV1 displays a more diffuse staining in the parenchyma (Figure 1a , top panel insets). Mean optical density (OD) was 1.5-fold higher in Gd/rAAV1 hemispheres when compared with animals that had been injected with Ringers/ rAAV1 ( Figure 1b ; P ¼ 0.0017). Similarly, mean area above threshold (AAT) was 2.2-fold higher in the hippocampal hemispheres of Gd/rAAV1 relative to Ringers/rAAV1 (P ¼ 0.002). Finally, the volume of distribution (Vd) was also significantly higher in the Gd/rAAV1 hemispheres (1.8-fold higher than Ringers/rAAV1; Po0.0001). We also found an increase in the distribution of GFP in the contralateral uninjected hemisphere of Gd/rAAV1 when compared with Ringers/rAAV1 ( Figure 1a ). We have previously found that both rAAV1 and rAAV5 transduce the contralateral hemisphere due to: (1) anterograde transport of the GFP protein to the uninjected side, (2) retrograde transport of the viral particles to the cell bodies of the contralateral hemisphere. 15 It seems that Gd enhances these two types of transport from the injected hemisphere (Figures 1a and c). Animals injected with Gd/rAAV1 showed a statistically significant increase in OD in the uninjected hemisphere compared with those injected with Ringers/rAAV1 (twofold, P ¼ 0.045). A trend towards an increase in the AAT and Vd was also found in Gd/rAAV1 relative to Ringers/rAAV1 non-injected hemispheres (Figure 1c ; AAT, P ¼ 0.08, Vd, P ¼ 0.086). Finally, Gd also resulted in an increase in transduction in the injected cortical hemisphere, likely due to backflow from the infusion site ( Figure 1a) .
In contrast to the results found with Gd/rAAV1, Gd had no effect on any of the measures of distribution of rAAV5 in the injected hemisphere. In conclusion, Gd co-infusion with rAAV1-GFP results in an increase in the distribution of the transgene in the injected hippocampus as well as in the contralateral hemisphere. On the other hand, this contrast agent did not affect the distribution of rAAV5-GFP.
Characterization of cell tropism and tissue health following Gd co-infusion
To determine whether the increased distribution of rAAV1 following Gd co-infusion was due to a change in cell tropism, we performed immunohistochemistry on the tissue from the two experimental groups using antibodies against the neuronal marker NeuN or the astrocytic marker GFAP. Both rAAV1 and rAAV5 have been shown to transduce mainly neurons in the rodent hippocampus. 15 We found that the increased distribution of rAAV1-GFP Gd co-infusion was not due to a change in cell tropism, as most of the cells expressing GFP were also NeuNimmunopositive, whereas no GFP-positive cells were glial fibrillary acidic protein (GFAP)-positive ( Figure 2a ). Similar results were found with co-infusion of rAAV5 and Gd (data not shown). These results demonstrate no change in tropism in the presence of Gd.
In order to analyze any inflammatory process resulting from Gd and rAAV1or rAAV5 co-infusion, we looked at markers of cell damage and inflammation. No obvious morphological changes or tissue damage on the injected hippocampi were observed with Nissl staining. Only the area near the injection track showed signs of tissue damage, which was independent of treatment, was observed ( Figure 2b , top panel). Astrocytosis was examined by immunohistochemistry of GFAP. We found no widespread inflammation in Gd/rAAV1-or Gd/rAAV5-injected hemispheres relative to Ringers/rAAV1-or Ringers/rAAV5-injected hemispheres (Figure 2b , middle panel). Again, some minor astrocytosis was present in the area around the needle track (which is common with intraparenchymal injections). Reactive microgliosis, determined by IbaI immunoreactivity, was present only in the hippocampal hemisphere of animals injected with Gd/rAAV5 (Figure 2b, bottom panel) . This apparent increase in Iba1 staining in Gd/rAAV5 hippocampi is not significantly different than Ringer/ rAAV5 hippocampi in any of the measures of distribution of Iba1 in the injected hemisphere. (Gd/rAAV5 vs Ringers/rAAV5: OD,
Co-Infusion of rAAV1-GFP and Gd does not affect behavior
In order to show that Gd can be used as a tool to safely enhance rAAV1 transduction efficiency in functional studies, we examined whether Gd/rAAV1 had any effects on hippocampal memory. We have previously shown that rAAV-GFP hippocampal transduction does not adversely have an impact on spatial memory in rodents. 16 Animals were injected bilaterally with either rAAV1-GFP co-infused with Gd or Lactated Ringer's as a control. Performance on the MWM was unaffected by co-infusion with Gd. Both experimental groups learned to find the location of the hidden platform at the same rate; the average distance traveled in hidden platform trials was not significantly different between groups ( Figure 3a) ; P ¼ 0.96. In addition, there was no difference in the percent distance spent in the target quadrant between groups during the probe trial ( Figure 3b) ; P ¼ 0.91. Performance in the OLM task was also unchanged between groups, Ringers/rAAV1injected animals spending 43% and Gd/rAAV1 groups spending 46% of investigation time on the object in the novel location ( Figure 3c ), P ¼ 0.75. In conclusion, no statistically significant differences were found between groups injected with Gd/rAAV1-GFP or Ringers/rAAV1-GFP in two independent tests of spatial memory. These results indicate that this contrast agent can be used to increase distribution of the viral vector in the rat hippocampus with no deleterious effects on hippocampal function.
DISCUSSION
Results from our studies indicate that Gd co-infusion significantly enhances the distribution of rAAV1 within the rat hippocampus. Furthermore, Gd enhanced the transduction of the viral vector to the contralateral, uninjected hemisphere, resulting in a more diffuse pattern of expression than in animals injected with rAAV1-GFP and Ringer's solution. On the other hand, the area and volume of distribution of rAAV5 was not affected by Gd. This is in contrast with previous studies from our laboratory demonstrating a significant enhancement of transduction of rAAV5-GFP within the rat striatum following Gd co-infusion (Osting et al., submitted). One possible explanation could be that anatomical differences between the hippocampus and the striatum could have an impact on the distribution of the viral vector in the presence of the contrast agent. 17 Together, these discrepancies suggest that conditions for co-infusing contrast agents and distinct AAV serotypes need to be determined empirically for different brain regions.
In order to use this co-infusion method as a tool to enhance viral vector distribution and transgene expression, one needs to demonstrate that Gd does not have any deleterious effects on the functional outcome to be examined. Therefore, we also examined any putative effects of the contrast agent in two tests of hippocampal behavior. Results from MWM and OLM tests indicate that co-infusion of rAAV1 with Gd did not cause spatial memory impairments. Therefore, co-infusion of this particular rAAV serotype with Gd presents a safe way to increase transduction efficiency of rAAV1 within the rat hippocampus to be used in functional studies. One pitfall of this approach is that the viral vector also distributes outside the hippocampus proper resulting in transgene expression outside of the region of interest. Regardless, this tool can be used when larger areas of transgene expression are necessary. In many cases, intracerebral delivery of viral vectors requires injection in multiple sites. To circumvent this need, our group and others have developed methods to optimize rAAV distribution in the central nervous system. Namely, co-infusion of heparin with rAAV2, 18 co-infusion of rAAV with mannitol via intraparenchymal or systemic route, 8, 9, 19 the use of convection-enhanced delivery, 20, 21 or a combination of mannitol and convection-enhanced delivery. 10 Here we propose co-infusion of rAAV1 with Gd as a safe alternative method to enable targeting of larger brain regions with fewer injection sites and thus reduce surgery time, an important variable to consider especially when working with aged or fragile animal models of neurological disorders. [22] [23] [24] 
MATERIALS AND METHODS Animals
Sprague-Dawley rats (3-5 months) were housed in groups of 2-3 under 12/12 light/dark cycle and given access to food and water ad libitum. The protocols were approved by the University of Wisconsin-Madison Animal care and use advisory committee in accordance with guidelines established by the US Public Health Policy on Human care and use of laboratory animals.
Viral vector production
AAV-expressing GFP construct has been described. 9 AAV1 and AAV5Viral vectors were produced and purified as previously described. 5 Viral titers were determined by real-time PCR (AAV1-GFP ¼ 5.9 Â 10 12 vector genomes per ml (vg ml À 1 ); AAV5-GFP ¼ 4.8 Â 12 vg ml À 1 ). Gd (Prohance: Brako Diagnostics, Princeton, NJ, USA) was diluted to the working concentration in Lactated Ringer's solution: (mEq l À 1 ) sodium 130, potassium 4, calcium 2.7, chloride 109, lactate 28 and osmolarity 273 mOsmol l À 1 pH 6.5 (Baxter Healthcare Corporation, Deerfield, IL, USA).
Intracerebral injections
All surgical procedures were performed as previously described. 22 Unilateral or bilateral injections were made into the dorsal hippocampus using a stereotaxic frame (Kopf Instruments Tujunga, CA, USA). For unilateral injections, the right hemisphere received a mixture of 1 ml Gd and 1 ml viral vector to a final 1 mM concentration of Gd. Control animals received 1 ml viral vector and 1 ml Lactated Ringer's solution. Animals were infused a total of 2 ul at a rate of 0.5 ml min À 1 with an infusion pump controlling the plunger on the Hamilton syringe, precisely regulating the rate of injection. The needle was left in place for 1 min, then lifted 3 mm and left for another 4 min before withdrawal from the brain. Coordinates for hippocampus were AP ¼ À 3.5, Lat ¼ ±2.5, DV ¼ À 2.6 from dura.
Immunohistochemistry
Three weeks after unilateral vector injection, or right after finishing behavioral experiments in bilaterally injected animals, subjects were anesthetized with Beuthanasia D (150 mg kg À 1 intraperitoneally, with supplements if necessary) and perfused through the aorta with 4% formaldehyde (Sigma, St Louis, MO, USA) in 0.1 M phosphate buffer. Cryoprotection took place in phosphate buffer with 2% dimethylsulfoxide and a graded series of glycerol concentrations. The hemispheres were frozen with dry ice and sectioned in the coronal plane at 45 mm thickness and sections were transferred to an ethylene glycol-based storage solution and placed in the À 20 1C freezer until ready to use. All processing was at room temperature unless otherwise noted.
GFP and Iba1 immunohistochemistry. All solutions were prepared with a buffer consisting of phosphate-buffered saline (PBS) with 2% bovine serum albumin (Calbiochem, La Jolla, CA, USA) and 0.1% saponin for GFP or 0.3% Triton for Iba1. All sections were washed, blocked in buffer with 20% normal serum for 45 min, incubated overnight in primary antiserum (GFP from Novus Biologicals, 1:30 000; Iba1 from Wako Pure Chemical Industries, 1:500) in 1% normal serum. After washes, sections were incubated in 1:300 biotinylated secondary IgG (Vector Laboratories, Burlingame, CA, USA) for 3 h, followed by 1 h in avidin-biotin complex (Standard Elite kit; Vector Laboratories). Final visualization was with 0.04% 3,3 0 -diaminobenzidine (in the form of tablets; Sigma, St Louis, MO, USA) and 0.01% H 2 O 2 in phosphate buffer, pH 7.4. Sections were mounted on subbed slides, dehydrated through graded concentrations of ethanol, cleared with Histo-Clear (National Diagnostics, Charlotte, NC, USA) and coverslipped with Eukitt.
GFAP immunocytochemistry: all solutions were prepared with a buffer consisting of PBS with 2% normal serum, 2% lysine and 0.2% Triton (blocking solution). Sections were washed, incubated overnight in blocking solution at 4 1C. Next day, sections were incubated overnight at 4 1C in primary antiserum (GFAP from DakoCytomation, Glostrup, Denmark, 1:5000). Following washes, the sections were incubated in 1:200 biotinylated secondary IgG for 2 h, followed by 1 h in avidin-biotin complex (Standard Elite kit; Vector Laboratories).
Nissl Staining: sections were mounted on subbed slides, dehydrated through graded concentrations of ethanol, cleared with Histo-Clear, rehydrated, soaked in cresyl violet stain, dehydrated once again through graded concentrations of ethanol, cleared with Histo-Clear and coverslipped with Eukitt.
Quantification of striatal GFP immunoreactivity
Densitometry analysis was carried out using NIH ImageJ software. 26 Images from 10-12 (30 mm) coronal sections per rat 0.56 mm apart were captured using a Nikon Nikon E600W microscope equipped with a digital camera (Q Imaging Retiga 2000R; Nikon Instruments, Melville, NY, USA). The threshold for each image was determined using the MaxEntropy function and the number of particles with an area between 5 and 75 square pixels were recorded. For OD, ImageJ was calibrated using a step tablet, gray-scale values were converted to OD units using the Rodbard function and the area in pixels above a threshold was recorded. Statistical analysis was performed using Prism5 (Graphpad Software, Inc., La Jolla, CA, USA) and is shown as the mean ± s.e.m. Two-tailed, unpaired t-tests were performed to determine statistical significance.
Fluorescent immunohistochemistry
All solutions for GFAP fluorescent immunocytochemistry were prepared with a buffer consisting of PBS with 2% normal serum, 0.2% Triton X-100 and 2% lysine. Sections were washed, incubated overnight in buffer at 4 1C, incubated overnight in GFAP (DakoCytomation, 1:1000) primary antisera in buffer, washed, incubated in 1:1000 fluorescent secondary (Alexa Fluor 568 goat anti-rabbit IgG; Molecular Probes, Life Sciences, Grand Island, NY, USA) for 3.5 h and rinsed in PBS. Sections were mounted on subbed slides and coverslipped with ProLong Gold antifade reagent (Molecular Probes).
All solutions for NeuN fluorescent immunocytochemistry were prepared with a buffer consisting of PBS with 0.1% saponin and 2% bovine serum albumin, blocked in the same buffer with 20% normal goat serum for 45 min, incubated overnight in primary antiserum to NeuN (EMD Millipore, Billerica, MA, USA, 1:1000) with 0.1% normal goat serum, washed in buffer, incubated for 2 h in 1:500 Alexa Fluor 594 goat anti-mouse IgG (Molecular Probes) in PBS with 0.1% saponin and 2% bovine serum albumin, rinsed with PBS and mounted with ProLong Gold antifade reagent.
Fluorescent microscopic imaging was performed with a digital camera (Q Imaging Retiga 2000R; Nikon Instruments) on a Nikon E600W Eclipse epifluorescent microscope with the x60 planapochromatic objective and a standard fluorescein isothiocyanate filter cube (fluorescein isothiocyanate; EX 465-495 nm; DM 505 nm; BA 515-555 nm) and tetramethylrhodamine isothiocyanate filter cube (tetramethylrhodamine isothiocyanate; EX 528-553 nm; DM 565 nm; BA 600-660 nm). Fluorescent images were acquired at an initial 36-bit tone scale and saved as 8-bit files. Images were prepared for reproduction in Adobe Photoshop CS 3 (Mountain View, CA, USA). Adjustments in the tone scale, contrast, and hue and subsequent sharpening with the unsharp mask algorithm were applied to the entire image.
Behavior
Three weeks post injection, rats were subjected to the OLM task. The protocol has previously been described in detail. 25 Briefly, rats were trained on the locations of two identical objects for 6 min. Testing of OLM occurred 24 h after training. For testing, one of the objects was moved to a different location and spatial memory was tested by comparing the time spent investigating the object in the novel location compared with the object in the familiar location. All trials on both the training and testing days were videotaped using Videotrack software by ViewPoint Life Sciences (Montreal, Canada). Total amount of time spent exploring the novel and familiar objects was recorded for each animal. The relative exploration time (T, in seconds) was recorded for each object and expressed as a novelty score: (T Novel /(T Novel þ T Familiar ) Â 100). All handling and scoring of rats was done by an experimenter blind to the animal's treatment.
The MWM task was performed two days after the OLM task. The protocol has been described in detail 27 with modifications. Animals were trained for one day in the visible version of the MWM to habituate the animals to the task and to test for swimming ability and visual acuity. This training consisted of four trials of 90 s each. On day two, the visible platform was replaced by a submerged, hidden one. Animals were trained for 5 days to find the hidden platform using spatial cues around the room. Each day consisted of four trials. The distance to find the platform was recorded as a measure of learning ability. At the end of last trial of day 5 (trial 20), the platform was removed and a probe trial was conducted to determine the total time and distance the animals spent in the quadrant that previously contained the platform as a test for memory.
All statistical analyses were performed using Prism 5 (Graphpad Software). Two-tailed, unpaired t-tests were performed to determine statistical significance in the OLM task. MWM acquisition data was analyzed using repeated measures analysis of variance. For analysis of the probe trial percent distance in the platform quadrant, one way analysis of variance was used. Figures show means±s.e.m.
